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Highlights

Smart contact lenses integrate
photodetectors, glucose sensors,
and temperature sensors

Ultrathin serpentine mesh sensor
layer can be directly mounted
onto the contact lens

Sensor layer directly contacts with
tears and does not interfere with
blinking or vision

It shows high detection sensitivity,
good biocompatibility, and
mechanical robustness

A multifunctional smart contact lens with an ultrathin MoS, transistors-based

serpentine mesh sensor system was developed, featuring easy assembly, good
detection sensitivity, strong robustness, high stretchability, transparency, and full
biocompatibility. The integrated sensor systems contain a photodetector for
receiving optical information, imaging and vision assistance, a temperature sensor
for diagnosing potential corneal disease, and a glucose sensor for monitoring
glucose levels directly from the tear fluid.
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Integrated contact lens sensor system based
on multifunctional ultrathin MoS- transistors

Shigi Guo,'? Kaijin Wu,”? Chengpan Li,® Hao Wang,* Zheng Sun,®> Dawei Xi," Sheng Zhang,®
Weiping Ding,* Mona E. Zaghloul,> Changning Wang,* Fernando A. Castro,”® Dong Yang,*”*

and Yunlong Zhao’810.*

Summary

Smart contact lenses attract extensive interests due to their capa-
bility of directly monitoring physiological and ambient information.
However, previous demonstrations usually lacked efficient sensor
modalities, facile fabrication process, mechanical stability, or
biocompatibility. Here, we demonstrate a flexible approach for
fabrication of multifunctional smart contact lenses with an ultrathin
MoS, transistors-based serpentine mesh sensor system. The inte-
grated sensor systems contain a photodetector for receiving optical
information, a glucose sensor for monitoring glucose level directly
from tear fluid, and a temperature sensor for diagnosing potential
corneal disease. Unlike traditional sensors and circuit chips sand-
wiched in the lens substrate, this serpentine mesh sensor system
can be directly mounted onto the lenses and maintain direct contact
with tears, delivering high detection sensitivity, while being me-
chanically robust and not interfering with either blinking or vision.
Furthermore, the in vitro cytotoxicity tests reveal good biocompat-
ibility, thus holding promise as next-generation soft electronics for
healthcare and medical applications.

Introduction

The enormous impact of the coronavirus disease 2019 (COVID-19) pandemic,
together with other diseases or chronic health risks has significantly prompted the
development and application of bioelectronics and medical devices for real-time
monitoring and diagnosing health status.'™ Stretchable and flexible devices worn
on or implanted in the human body with embedded multifunctional biosensors
should enable real-time sensing of physiological signals (e.g., heart rate, body tem-
perature, oxygen saturation) and/or ambient conditions (e.g., the surrounding tem-
perature, humidity, and light and audio levels) without affecting the normal body
movements.®"'? By integrating and analyzing a large amount of live data, these de-
vices could dramatically enhance the efficiency of healthcare delivery and carry out

1418 Among all these

delivery of medicines more timely, personalized, and precise.
devices, contact lenses are one of the most popular wearable devices, designed for
vision correction, and aesthetic and therapeutic purposes.’”?® They are in direct
contact with both internal chemistry from tear fluid and eyeball and external air for
hours without serious irritation, which can provide a unique platform for continuous
interrogation of both physiological information and ambient conditions. Taking the
diabetic diagnostics as an example, to collect accurate data with non- or minimally
invasive techniques, the glucose level tends to be tested from the "open" body

fluids rather than blood.”® Multipatient clinical trials have demonstrated clearly

4')

b

Progress and potential
Wearable smart contact lenses
have attracted extensive interests
because of their ability to monitor
physiological information and
ambient information directly from
eyeball and body fluids. However,
conventional smart contact lens
systems lack efficient sensor
modalities, facile fabrication
process, mechanical stability, or
biocompatibility. This study
develops a multifunctional, high-
transparency and easy-access
smart contact lens system.
Specifically, the serpentine mesh
sensor system can be directly
mounted onto the lens substrate
and maintain direct contact with
tears, delivering high detection
sensitivity, while being
mechanically robust and not
interfering with either blinking or
vision. This integrated contact
lens sensor system and fabrication
strategy allows for easy
incorporation of other functional
components, such as an electrode
array for electroretinography,
antennas for wireless
communication, and power
modules for future in vivo
exploration.
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that tear fluid can be a valuable marker for measurements of systemic glucose.”
Smart contact lenses equipped with high sensitivity glucose sensors could open
the possibility of a non-invasive method to continuously detect biomarkers in
tears.””"?” Owing to the abundant proteins or biomarkers from tear fluid, smart con-
tactlenses are expected to provide higher accuracy/reliability of the resulting data in
comparison with the analyses from skin or sweat by other conventional wrist-worn
watches or smart patches. Although controversy may remain, recent studies have
shown that the blood glucose concentrations estimated with the tear glucose con-
centrations obtained by glucose sensors exhibit a high correlation with those actu-
ally measured with a clinically available glucometer (R?=0.9617).°° As complications
of diabetes, stroke, and heart disease are also closely related to disorders of blood
glucose regulation; these disorders could also increase the risk of high blood pres-
sure, lower limb nerve damage, kidney diseases, and retina injury.>'>* Meanwhile,
monitoring the intraocular and extraocular environment helps to provide a database
to diagnose and treat ocular diseases. For example, embedded photodetectors on
the lenses are capable of potentially monitoring the light intensity, testing and
utilizing eye blinking, receiving optical data, and assisting vision.”” Embedded tem-
perature sensors could be used for monitoring corneal temperature, tracking of
intraocular pressure,®* and providing information for ocular disease, such as diag-
nosing dry eye disease® and inflammation.* Monitoring ocular temperature after
ophthalmic surgery also has clinical significance in case of postoperative infection.*”
The smart contact lenses could also be equipped with application-specific inte-
grated circuit chips,”® multiple electrode arrays,’*® or antenna?>*? to further enrich
their functionality to obtain, process, and transmit physiological properties, manage
illnesses and health risks, and finally promote health and wellbeing.

Despite significant efforts, use of smart contact lenses remains limited because of
their mechanical biocompatibility, detection sensitivity, and challenging integration
process.”®*® Many characteristics are required for the successful development of
smart contact lenses. Firstly, they should not only have a high degree of transparency
in visual field but also be comfortable to wear. To minimize the potential for inflam-
mation and irritation, the embedded sensors or circuit chips should be fully stable,
biocompatible, and have negligible mechanical stiffness relative to the eyeball. Flex-
ible and transparent ultrathin electronic materials, e.g., mono- to few-layered 2D
transition metal dichalcogenide (TMDC),*'~** could be the ideal building blocks
for this purpose, although the difficulty remains in the choice of the specific materials
and manufacturing process. Also, unlike traditional rigid or bulk sensors and circuit
chips that are sandwiched in the lens substrate and contacted with tear fluid via mi-

crofluidic sensing channels,**~*®

the ultrathin sensors could directly stick onto the
lenses and contact the tear fluid, yielding a better detection sensitivity and easier as-

sembly without interfering with blinking.

To achieve the above goals, in this work, soft contact lenses with multifunctional
sensor systems were fabricated using ultrathin (few-to-monolayer) TMDC semicon-
ductors, elastic interconnect electrodes, polyimide (PI) passivation layers, and a pol-
ydimethylsiloxane (PDMS) lens substrate. Here, we chose MoS; transistors as the
core sensing material because of their large surface-to-volume ratio, layered
dangling-bond-free surface, tunable bandgap and charge transfer properties, and
good biocompatibility.'**?=>” Unlike traditional top-down fabrication®®*°? and bot-

062 e applied a gold-mediated exfoliation®® and as-

tom-up synthesis methods,
sembly strategy (Figure 1A) to pattern mono-to-few-layered MoS flakes with large
lateral size (~200 x 100 um). The MoS, transistors were mechanically reinforced with

a thin layer of photo-patternable Pl, while the elastic parts were formed using a
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Figure 1. Structural design of a smart contact lens with ultrathin MoS, transistors-based serpentine mesh sensor system

(A) Schematic illustration of the different layers of smart contact lens structure attached to an eyeball. The dashed region highlights the gold-mediated

mechanical exfoliation of monolayer MoS,.

(B) Optical image of the serpentine electrode and sensor structure.

(C) Photograph of the sensor layer transferred onto a dome-shaped PDMS substrate.

(D) Photograph of the system placed on an artificial eye.

(E) lllustration of the smart contact lens and the corresponding dimensions with human eyes.

serpentine gold (Au) and Pl mesh structure. The sensor system is placed around the
outer ring of the cornea to avoid blocking vision (Figure 1B). Such a design can effec-
tively protect electronics from destructive mechanical deformations while maintain-
ing high flexibility/stretchability and can easily convert functional components into
various shapes of curvatures, which was verified by mechanical analysis. The inte-
grated sensor system allows the collection of optical, glucose, and temperature
information from the contact lens. The ultrathin MoS; transistors exhibit a high sensi-
tivity (<0.1 mM) for glucose monitoring, a fast response (<1 s), high current on/off
ratio (>10% with UV illumination), and high responsivity (4.8 A/W) for photodetection;
while the temperature sensor made of Au wires yields a precise measurement of
temperature even when highly stretched. In addition, we examined the light absorp-
tion of the entire contact lens to demonstrate its transparency and conducted in vitro
cytotoxicity tests to confirm its biocompatibility. Taken together, our material and
device characteristics demonstrate that the requirements for practical applications
have been well fulfilled by such a contact lens, providing a novel and facile approach
for multifunctional contact lens sensor systems.

Results and discussion

Structural design of the smart contact lens

Figure 1A illustrates the layout and the overall structure of the smart contact lens,
comprising a donut-shaped sensor layer and a PDMS lens substrate attached to
the eyeball. In the sensor layer, hybrid sensors with a serpentine interconnect of
Au electrodes (150 nm) are passivated or supported in a single-layer manner by
the thin Pl layer(s) (2.5 pm per layer) (Figure 1A, right). This serpentine mesh structure
provides not only good flexibility and stretchability but also maintains a neutral
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mechanical plane for keeping the uniaxial strain close to zero when the structure
bends slightly.®**® The sensor layer is composed of a MoS, photodetector, a
MoS; glucose sensor, and a Au temperature sensor, each interconnected by a pair
of serpentine metal electrodes (Figure 1B). The photograph in Figure 1C displays
the sensor layer on top of a dome-shaped PDMS substrate (30 um), featuring
good adhesion and bonding to the surface. As the most widely used silicon-based
organic polymer, PDMS has been broadly applied as the substrate in diverse
biomedical fields, including contact lenses.®’**® Compared with other commercial
materials used in contact lenses (e.g., polymethyl methacrylate, polyvinyl acetate,
rigid gas-permeable materials, and hydrogels), PDMS is inexpensive, easily manu-
factured, durable, comfortable to wear, and exhibits high oxygen permeability;*”’°
the main disadvantage of low hydrophilicity could be mitigated by plasma treat-
ment, hydrophilic polymer grafting, or surface modification with embedded surfac-
tants’' (Table S1). Figure 1D shows a photograph of the smart lens on an artificial
eye, indicating that the pupil is not covered by the sensors and therefore that the
electrode will not block vision (Figure 1E).

Fabrication and structural characterization of the smart contact lens

In our design, the large-area ultrathin MoS; flake transistors are used for photode-
tection and glucose sensing. To obtain the key materials, traditional mechanical
exfoliation has been widely applied (Figure S1), but often limited by the small size
(<1,000 um?), low yield with uncontrollable thickness, and electrical performance.
To overcome this limitation, a gold-mediated exfoliation method®® was used. As
shown in Figure 2A, a Au film (120 nm) was electron-beam evaporated on top of
the MoS; bulk materials to help detach the topmost layer from the bulk. The topmost
layer of MoS; was peeled off using a thermal release tape, which was later released
with heat after transferring the MoS, to a target substrate. After Au etching, large-
area MoS; flakes were obtained for further assembly. Figure 2B shows a representa-
tive optical image of a gold-mediated exfoliated MoS, flake with a lateral size of
~200 x 100 pm. A Raman spectrum of the obtained MoS, flakes presents the A4
mode at 408 cm ™' and the E',y mode at 385 cm ™' (Figure 2C), in agreement with
the typical vibration modes of MoS,.”? A high-resolution transmission electron mi-
croscopy (TEM) image shows the ultrathin layered structure with a lattice spacing
of 0.27 nm, corresponding to the (101) interplanar distance of MoS, (Figure 2D).
The MoS; flakes exfoliated by this method are mostly monolayers, except for
some that are “few-layers” (<5 layers). A representative atomic force microscope
(AFM) image in Figure S2 shows the typical thickness of 1.8 nm for few-layers. To
demonstrate the large area size of the gold-mediated exfoliation over the traditional
mechanical exfoliation method, we counted 100 flakes of both types and calculated
their area sizes. The histograms show that the area size of MoS; flakes obtained using
this method (Figure 2E, bottom) is two orders of magnitude larger than that using the
traditional method (Figure 2E, upper).

To quickly optimize the device configuration, MoS; field-effect transistors (FETs)
with a basic back-gate configuration were fabricated directly on a SiO,/Si substrate
using a standard nanofabrication process without any other surface functionalization
or dielectric coating (Figures 2F, 2G, and S3). The Ti/Au contacts (5 nm/150 nm) on
top of MoS;, work as the source and drain electrodes, while the SiO5 (285 nm) under-
neath serves as the gate dielectric (Figure 2F). The highly p-doped silicon substrate,
serving as the back-gate electrode, is connected with silver paste. As displayed in
the optical image (Figure 2G), the exfoliated MoS; flake is capable of hosting several
FETs with different channel lengths, providing a platform for optimizing device
configuration. Typical output characteristics (Ips versus Vpg) (Figure 2H) illustrate
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Figure 2. Transfer process and characterization of an exfoliated large-area MoS, flake transistor
(A) Schematic illustration of the gold-mediated exfoliation process.

(B) Optical image of an exfoliated MoS, flake with a lateral size of ~200 x 100 um on a SiO,/Si substrate.

(C) Room-temperature Raman spectrum of MoS, showing the A;g mode at 408 cm~" and the E12g mode at 385 cm™".
(D) High-resolution TEM image of the atomic layer of MoS,. Inset is the zoom-in view exhibiting a lattice d100 of 0.27 nm.

(E) Histogram comparing flake area size between traditional mechanical exfoliation (in red) and the gold-assisted exfoliation method (in blue).
(F) 3D schematics of the back-gated FET device on the SiO,/Si substrate.

(G) Optical image of the MoS, FET device from the top. Different channel lengths were fabricated for optimization of the design.

(H) Output curve (source-drain current Ips versus source-drain voltage Vps) with the back-gate voltage Vg sweep from 0 to 60 V.

(1) Transfer curve (Ips as a function of Vg) with Vps = 5V, shows n-type behavior with an on/off ratio of 107.

the MoS; FETs with an increasing Vg from O to 60V in steps of 6 V. The transfer curves

(Ips versus Vg, black for log scale, red for linear scale) at Vps = 5 V (Figure 21) exhibit

the n-type property with an ON/OFF ratio exceeding 10”. The field-effect mobility

can be extracted with the equation: ugg = ﬁLVdé & VLDS Ciox' where L and W are channel

length and channel width. The device displays ON currents of 10 pA um ™" at Vpg =

5V with a field-effect mobility of 9.18 cm?/Vs, which agree with the reported param-

eters of monolayer MoS, FETs using same or similar device configuration,”®’37*
while use of a top-gate configuration, or with additional surface functionalization
or coating, could further exhibit superior performance.”” In our experiment, pure
gold with high biocompatibility was deposited on the surface of MoS, and used

as the transfer layer, which can eliminate biologically toxic components or other
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(A) lllustration of the fabrication process of a smart contact lens. We began by coating the bottom Pl layer on a glass substrate. The MoS; and gold mesh

electrodes were consecutively placed and patterned to form the sensor and the interconnect layer. Subsequently, the top Pl layer was coated and

patterned, followed by release from the glass substrate. Finally, the device was picked up by the PDMS contact lens, oven baked, and enzyme modified

to complete the process.

(B) lllustration for the sensor layer with the radial strain (x, y axis) (left) and the FEA strain map under a radial strain of 25% (right).
(C) Illustration of the sensor layer with the longitudinal strain on the perpendicular plane (z axis) (left) and the FEA strain map with 4 mm of z axis

displacement (right).

obvious surface contaminants.”® Overall, the gold-mediated exfoliated MoS; ex-
hibits suitably high performance for application as transistors.

With the confirmation of the use of high-performance large-area ultrathin MoS; tran-
sistors, we fabricated a hybrid, soft, smart contact lens with the key steps of “pattern-
release-transfer” (Figure 3A). The entire procedure started with spin-coating Pl
(~2.5 um) onto a clean glass substrate as a bottom supporting layer, which was
further cured at 150°C for 10 min followed by 250°C for 1 h. The exfoliated MoS;
flakes were transferred onto the Pl layer through a standard printing process with
a PDMS stamp’’ (see the equipment in Figure S4), followed by patterning with a
thin Cr mask (5 nm) and SF¢/O, reactive-ion etching (RIE). A thin Au layer (150 nm)
was electron-beam evaporated and patterned on the Pl to form a functional Au
mesh with a serpentine structure. A top passivation layer of Pl was further spin
coated with the same thickness (~2.5 um), cured, and patterned with oxygen plasma.
The patterned geometries for two layers of Pl match with those of the metal traces,
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which places the metal in a mechanically neutral plane while keeping sensors
exposed. Finally, the entire sensor layer was cleaned and chemically released with
buffered oxide etchant. This process can readily implement flexible and stretchable
electronics on elastomeric substrates or curved surfaces. A PDMS contact lens sub-
strate was baked and cured into a dome shape with two enclosed stainless-steel
hollow hemispheres. To form a functional contact lens, we developed a physically
adhesive strategy that allows the sensor layer to be accurately and firmly attached
to the contact lens substrate. The sensor layer was first floated in deionized (DI) water
and picked up by a lens substrate from the water (Figure S5). The width and radius of
the serpentine mesh structure were rationally designed to match the curvature of the
lens substrate perfectly for precise transfer. To ensure good adhesion between the
sensor layer and the substrate, the entire lens was baked in a vacuum oven at 60°C
for 30 min for dehydration and bubble release. To avoid the enzyme losing its effi-
cacy, the device was kept dry, and finally treated with the glucose-sensing enzyme
solution before use. Details of all other dimensions of the entire system are shown
in Figure Sé.

In the process of transferring or wearing the contact lenses, curvature-induced stress
and deformation may occur due to external forces or a geometric mismatch between
the lens and the eyeball. Therefore, strain in the radial and longitudinal direction is
possible, which may cause local buckling if the stress is larger than the critical buck-
ling load. To understand the mechanical properties and verify the robustness of our
design, we performed a finite element analysis (FEA) that showed the strain distribu-
tion of the sensor layer on the contact lens under different forces or deformations
(Figures 3B and 3C) (see detailed FEA models in the Experimental procedures).
Here, all the initial parameters were selected after consideration of the design and
practical applications; the maximum tensile and deformation set here has far ex-
ceeded the normal operating range of contact lenses. When the sensor layer is
placed under symmetrical radial strain from 5% to 25% (Figures 3B and S7) in a plane
surface (x, y axes) or uniaxial tensile (x axis, Figure S8; y axis, Figure S9), the maximum
principal strains are below 2.0%, lower than the fracture strain of gold film (~7%). The
calculated strains in the outer electrode region, where MoS; is situated, are below
0.5%, significantly lower than the fracture strain of MoS, (~20%). Because the
stretching is mainly absorbed by the deformations of serpentine interconnects, no
mechanical fracture is expected on the device. When the sensor layer is placed un-
der a longitudinal strain on the perpendicular plane (z axis) with a displacement from
0to 4 mm (Figures 3C and S10), the maximum principal strains remain <3.0% and the
strain in the regions with MoS; remains below 0.5%.

We also investigated the mechanical properties of the smart contact lens when
attached to an artificial eyeball (Figures S11A and S11B) to simulate operational
use. Simulating the movement of the eyeball resulted in only up to 0.5 mm Z
displacement with less than 1% strain in the serpentine interconnects, and <0.3%
strain in the key sensing region (MoS, and Au) (Figure S11C). These results show
that all of the architecture of the serpentine mesh interconnects;’® the Pl support
layers dominate the mechanical performance of the devices, resulting in a low
strain at key functional regions of devices when the substrate is under extreme

deformation.,®%77-8!

indicating the strong robustness of the device.
Characterization of the multifunctional sensor system

The multifunctional sensor system is composed of a photodetector, a glucose
sensor, a temperature sensor, and with five interconnects where the MoS,-based
photodetector and glucose sensor share one common source electrode and record
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Figure 4. The characteristics of the multifunctional sensor system

(A) Schematic illustration of the multifunctional sensor structure.

(B and C) 3D schematic illustration (B) and optical image (C) of the two-terminal MoS, photodetector.

(D) Photoswitching behavior under pulsed illumination by 365 nm wavelength UV light with different Vps values.

(E) Drain-source characteristics in the dark and under illumination with different wavelengths of light.

(F) Drain-source characteristics of the photodetector under different illuminating light intensities.

(G) The photoresponsivity of the MoS, phototransistor, exhibiting a high photoresponsivity of 4.8 A/W for a UV power of 20 nW.
(H) Schematic illustration of ac MoS, glucose sensor.

(1) lllustration of the sensing mechanism of the device with oxidation of glucose.

(J) Optical image of the MoS; glucose sensor.

(K) Time versus current curve based on changes in glucose levels.

(L) The sensitivity (|4R|/Ro) of the glucose sensor with a buffer solution, where Rg is the initial resistance at zero glucose concentration.
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Figure 4. Continued

(M) Sensitivity of the sensors with the PBS buffer solution (blue) and the artificial tear solution (red). Five devices with each solution were tested and the
standard deviation is represented by error bars.

(N and O) Schematic illustration (N) and optical image (O) of the temperature sensor.

(P) The temperature-dependent resistance curve for the Au thermal resistor.

(Q) The resistance of the temperature sensor versus strain under different temperatures.

signals independently by separated drain electrodes (Figure 4A). The sensor system
was tested after being connected with an external print circuit board through an
anisotropic conductive film cable (Figure S12). Figure 4B gives a 3D schematic
view of the photodetector with a large-top Pl open window, and with 180 um chan-
nel length for higher photosensitivity. The corresponding optical image is shown in
Figure 4C. The photodetector was first characterized under pulsed illumination us-
ing a 365 nm wavelength UV light with an intensity of 4 nW under different Vs values
(1V,2V,and 3V, Figure 4D). When the device is illuminated, it exhibits an increase of
two orders of magnitude in photocurrent Igp, (Ioh = lon — log, Where |, and lograre the
current under illumination and in the dark, respectively) and fast rise time (~50 ms)
and fall time (~50 ms) (see magnified plot in Figure S13), indicating excellent photo-
sensitivity and fast response to light illumination. This is enabled by the mechanism
illustrated in Figure S14: the illumination can excite electrons from the valence to the
conduction band and thus generate photocurrent under source-drain bias. The I,
increases with higher Vps values due to the faster carrier drift velocity. Research
and studies claim that light or electromagnetic radiation can result in eye damage
through various mechanisms, including photothermal, photomechanical, and
photochemical mechanisms.?” Due to the demand of monitoring light harmful to
the retina and of preventing light-induced retinal diseases caused by UV light and
short high energy visible light (A = 320-450 nm),?*** we tested our device under
different light wavelengths and illumination intensities (Figures 4E-4G). Figure 4E il-
lustrates the Ips versus Vps curve under red laser light (A = 650 nm), green laser light
(A =532 nm), and UV light (A = 365 nm) with the same intensity (5 nW). The Iy, at the
wavelength of 650 nm is smaller than that at 532 nm and further than 365 nm, indi-
cating a higher transition probability with a shorter excitation wavelength. The
optical response and photoresponsivity were further investigated under different
UV illumination intensities (20-80 nW) at Vps = 5 V (Figures 4F and 4G). Here, the
photoresponsivity R is defined as the ratio of the photocurrent I, and the incident
power Pg: R = ,PF’—(:’.SS The loh is increased from 96 to 172 nA, with the intensity
increasing from 20 to 80 nW, and R exhibiting very high responsivity for photodetec-
tion from 4.8 to 2.15 A/W. The decrease in R with intensity increase is due to the loss
of photoexcited carriers by recombination effects, which is commonly observed in
TMDC,®® and the saturation of R is due to the screening effects of space charge.®’
Overall, this ultrathin MoS, photodetector exhibits a fast response, high current
on/off ratio, and high responsivity for photodetection. The higher responsivity under
harmful wavelengths makes it useful for hazard warning, thereby avoiding potential
damage to the eyes.

In addition to photodetection, we also characterized the glucose-sensing property.
Figures 4H and 4J give a 3D schematic view and an optical image of the MoS,-based
glucose sensor, showing a large open window on the top of the Pl layer and interdi-
gital source/drain electrodes with an optimized channel length of 30 um. This
structure is designed to increase sensitivity by using a large area to absorb and
immobilize the enzyme and to allow contact with the tear fluid for better glucose
recognition and enhanced conductance. Here, we chose immobilized glucose oxi-
dase (GOD) as the bio-enzyme for glucose sensing. As the standard enzyme for
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biosensors, GOD has a high selectivity for glucose with fully or quasi-reversible
glucose conversion, is easy to obtain, and can withstand great extremes of pH, ionic
strength, and temperature; it shows good durability and stability in the long term
and has reversible implantable biosensors.?®*~7? As shown in Figure 41, the glucose
sensing begins with the immobilization of GOD (B-p-glucose from Aspergillus niger)
on the Mo$S; surface.”’*?? The charge transfer process is attributed to the reaction
described below, where the oxidation of glucose with GOD forms H,O,, which
then reacts with oxygen and produces hydrogen ions (H*) and electrons (e”):

D — Glucose + H,0 + OZGEPD — gluconic acid+ O, +2H* +2e™.

The free electrons generated by this reaction contribute to an increase of device cur-
rent owing to the n-type FET behavior. Figure 4K plots the real-time response of
glucose concentration versus current with a fixed bias of 5 V. Testing started with
a pure phosphate-buffered saline (PBS) solution, increasing the concentration
from 0.1 to 0.6 mM, which is within the same level of glucose concentration typically
found in human tear fluid (mean values: 0.16 + 0.03 mM) and diabetic tear fluid
(mean values: 0.35 + 0.04 mM).”>?* The significant current changes indicate high
sensitivity (|AR|/Ro, e.g., 48% at 0.6 mM) proportional to the glucose levels (Fig-
ure 4L). The glucose buffer solution and artificial tears from other species were
then used to test the selectivity of the glucose sensor. As shown in Figure 4M, there
is no significant variation in the sensitivity of the device between these two solutions,
indicating a good selectivity of for detecting glucose in the tear fluid. A variety of
enzyme-based and enzyme-free glucose biosensors with different sensing materials
have been reported, including metal oxides, nanoparticles, and low-dimensional
materials. Table S2 summarizes and lists some of the most recent materials studied.
Our results show relatively high sensitivity in the desired range of detection, while
the selectivity is guaranteed by selection of the enzyme. The sensor was also tested
with various concentrations of glucose in artificial tears for up to 24 h. These exper-
iments showed no visible change in sensitivity of the sensor, indicating the high sta-
bility of the sensor (Figure S15).

Another key function of our smart contact lens is temperature sensing. Although the
accurate and continuous monitoring of temperature variation of the cornea remains
a challenge due to the tenderness of eyes, it can be a powerful tool to provide addi-
tional information about ocular physiology and pathology.”*Therefore, there is high
demand for smart contact lenses equipped with a low-cost, lightweight, and flexible
temperature sensor. In our design, a serpentine, thin Au wire-based temperature
sensor is integrated into the lens (Figures 4N and 40). To establish the relationship
between the temperature and thermal resistance of the sensor, the device was first
calibrated in boiled DI water with a platinum (Pt)-based resistance temperature de-
tector (RTD thermometer, Center 376) as a standard temperature reference. The
calibration temperature spans from 30°C to 50°C, covering the full human body
range and ocular surface temperature. Figure 4P displays the temperature-depen-
dent resistance of the Au wire sensor, whose slope represents a high sensitivity of
0.94 Q/°C and shows good linearity of the device to temperature.

The sensing properties of the device under a mechanical strain of up to 30% and Z
displacement of up to 4 mm were further studied to ensure reliable operation on
soft contact lenses. When the devices are stretched up to 30% of uniaxial tensile strain
on the x/y axes (Figure S16) or with large displacement in the z axis (Figure S18A), the
performance of the MoS; transistor-based photodetector and glucose sensor re-
mains largely unchanged (i.e., relative changes of less than 8%) (Figures S17, S18C,
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Figure 5. The optical transmittance/haze test and in vitro cytotoxicity test of the smart contact lens

(A) Schematic illustration of optical transmittance testing.

(B) Optical transmittance (black) and haze (red) spectra from 400 to 800 nm.

(C) Optical properties at 55 nm as a function of tensile strain up to 30%.

(D) The optical images (upper) and fluorescent images (lower) of the HUVECs at different times. In a live/dead assay, green and red fluorescence indicate
living and dead cells, respectively.

(E) The average viability (percent of living cells) at days 1, 4, and 7. The percentage of living cells remained the same during the 7 days.

(F) Cell count (number of cells per area) at different times. The increasing number of living cells demonstrates cell culture reliability.

and S18D). The resistance of the Au wire-based temperature sensor also shows negli-
gible change due to mechanical strain (Figures 4K and S18B). These results, plus the
previous mechanical simulation, further indicate the strong robustness of the inte-
grated contact lens sensor system with good sensing stability.

Characterization of the transparency and cytotoxicity of the smart contact
lens

To check the transparency of the smart contact lens, we measured the optical trans-
mittance and haze using a visible light spectrum from 400 to 800 nm (Figures
5A-5C). The contact lens exhibits high optical transmittance of ~93% and low
haze of ~3% in the entire wavelength range (Figure 5B) and remains stable under
a tensile strain from 0% to 30% (Figure 5C).

To confirm the biocompatibility of the lenses, in vitro cytotoxicity tests were per-

formed using human umbilical vein endothelial cells (HUVECs) that were seeded
and cultured for 7 days (see details in the Experimental procedures). Here HUVECs
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were chosen as the test model system because of their low cost, the simple tech-
nique used for isolating them, and because they are closely related to cytotoxicity
in the eye system.”® The endothelial cells inside the blood vessels are a critical
component in angiogenesis where new blood vessels are formed and are similar
to the blood vessels grown from retinal blood cell in retinal neovascularization.”’
Tissue engineering has proved that it is a good candidate for prediction of ocular
toxicology.”®?? Figure 5D illustrates the liveness and mitotic behaviors of micro cells
with an optical image with live cells on the substrate (upper) and corresponding fluo-
rescence images (lower) on days 1,4, and 7. Two fluorescence dyes—calcein AM and
propidium iodide—are used in the cell assay, which stains live and dead cells to
green and red colors, respectively. Figure S5E presents the average viability of over
95% at different time points, consistent with the regular cell culture results. The
numbers of live (green) and dead (red) cells were obtained via the fluorescence ex-
periments in Figure 5F. The number of live cells grows significantly throughout the
duration of the experiment, while the number of dead cells remains low. These re-
sults thereby provide clear evidence that the smart contact lens is not cytotoxic to
human endothelial cells, indicating good biocompatibility.

Conclusions

In summary, we have demonstrated a facile approach for fabricating multifunctional
ultrathin MoS; transistors and a Au wire-based sensor system that could be directly
incorporated onto soft contact lenses using an easy assembly method that leaves
sensors exposed to directly contact the tear fluid, providing high detection sensi-
tivity. The thin donut serpentine mesh architecture ensures strong mechanical
robustness, high stretchability, and eye comfort, while maintaining high transpar-
ency. In vitro studies have shown that this system is fully biocompatible and non-
toxic to human cells. The capabilities of the devices include detection of optical
signals, glucose levels, and corneal temperature, which are essential in ocular-
related research. These results provide not only an alternative solution for
manufacturing advanced smart contact lenses but also a novel insight into designing
other multifunctional implantable bioelectronics. In addition, our integrated contact
lens sensor system and fabrication strategy allows for incorporation of other func-

36,37

tional components, such as electrode arrays for electroretinograms, antennas

for wireless communication?>~%’

and power modules (e.g., thin-film batteries/super-
capacitors),wo’w02 biofuel cells,'® moisture-based energy harvesting,'%* or wireless

radiofrequency'®® for future in vivo research.

Experimental procedures

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the Lead Contact, Yunlong Zhao (yunlong.zhao@surrey.ac.uk).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This study did not generate/analyze any datasets/code.

Device fabrication

Gold-mediated exfoliation

A 2D bulk MoS; was first obtained by being peeled from a large crystal using adhe-
sive tape (3M Blue Vinyl 471, 3M), followed by e-beam evaporation of a thin layer of
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Au film (120 nm) on top of the MoS; bulk. A thermal release tape (3195M, Semicon-
ductor Equipment) was then attached to the top of the Au film, transferred to a target
substrate, and kept on a hot plate (120°C) until released. The target substrate was
cleaned with acetone, isopropanol, and O, plasma. The Au layer was wet etched us-
ing a gold etchant (KI/l). The substrate with the MoS, flake can be further cleaned by
immersing and rinsing in acetone at 60°C for 20 min to remove organic residues from
the thermal tape.

Fabrication of devices on a rigid substrate

MoS, flakes were exfoliated and transferred to a SiO,/Si substrate. The active chan-
nel was then patterned and etched by RIE (O,/SF). An e-beam evaporator was used
to deposit the metal layer (10 nm Ti/150 nm Au), followed by the patterning of the
source and drain electrodes with photolithography.

PDMS lens mold

The elastomer and curing agent were mixed at a ratio of 10:1, followed by stirring
and de-bubbling. The mixture was then poured into the gap between two concentric
stainless-steel half-sphere molds and cured in a vacuum oven (StableTemp oven,
Cole-Parmer) at 60°C for 30 min.

The fabrication of the smart contact lens with a “pattern-release-transfer” process is
detailed in the main text.

Structure and performance characterization

Material characterization

Optical microscopy (AmScope) was used for imaging the materials and devices.
Raman spectroscopy (Laser Quantum DPSS, 532 nm) was used for material verifica-
tion by identification peaks associated with single-layer MoS,. A Bruker AFM was
used for measurements of the height of the MoS, flakes, and TEM (FEI Titan 80-
300) was used to obtain a high-resolution crystal structure.

Electrical and optical measurements

The electrical measurements were conducted using a parameter analyzer (Agilent
B1500A) under ambient conditions. A Panasonic NUJ6170/NU6420 light source
(365 nm) was used for intensity-tunable UV light illumination. Laser light (Meade In-
struments) for green and red illumination was applied for characterization of various
wavelengths. The optical transmittance measurements were conducted with the
transmittance of the substrate subtracted. Optical haze was calculated as the ratio
of diffuse transmittance (Tqisuse) O total transmittance (Tiotan): (Tgiffuse’ Ttotal X 100%).

Strain test
The device was transferred onto a highly elastic PDMS film to perform the strain test
with a tensile strain from 0% to 30%.

Preparation of the glucose solution

The glucose solution, with different concentrations, was prepared using 100 mL of PBS
solution (0.1 mol/L) or artificial tear solution (Refresh Optive Advanced preservative-
free lubricant eye drops) as the solvent. Different quantities of the glucose of were dis-
solved in the solvent to obtain glucose solution concentrations of 0.1-0.6 mM.

Mechanical FEA models
FEA simulations based on a commercial software package (Abaqus 6.14) allowed ex-
amination of the strain distribution of stretchable electronic devices with serpentine
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interconnect structures. These structures, in both 3D (contact lens with a ball radius
of 10 mm, thickness of 50 um, and crown height of 4 mm) and 2D (contact lens with a
thickness of 50 um and diameter of 20 mm), were modeled by the composite shell
element (S4R). The eight-node solid element modeled the eyeball, with the eyeball
being regarded as a rigid body. The sensor device and contact lens were tied
together using the tie constraints in Abaqus. The friction between the contact lens
and the eyeball was neglected. Radial displacement and uniaxial tensile displace-
ment (x axis and y axis tensile state) were applied to the boundary of the contact
lens to explore the Pl strain distributions of the serpentine interconnects, respec-
tively. The stretchable electronic device attached to the contact lens was adhered
to the eyeball by applying Z direction displacements at the boundary of the contact
lens, with the eyeball fixed. The eyeball was then moved 0.5 mm along the z axis,
while the boundary of the coronal contact lens was fixed. Young's modulus (E) and
Poisson’s ratio (v) of the materials were set as follows: Pl, Ep; = 2.5 GPa and vp =
0.34; gold, Ea, = 79 GPa and vp, = 0.4; MoS;, Emesz = 330 GPa and ves2 = 0.3;
PDMS contact lens, E. = 0.5 MPa and v. = 0.33.

Cell culture and biocompatibility studies

HUVECs cultured at 37°C and 5% CO, with endothelial cell basal medium-2 (EBM-2,
Lonza) and an EGM-2 SingleQuots growth supplement kit (Lonza) were trypsinized
using 0.25% trypsin-EDTA solution for 4 min, centrifuged at 200 rpm for 5 min, resus-
pended in the cell culture medium, and counted using a blood counting chamber.
Then the cell suspension (containing ~5 X 10* cells) was seeded in a 35 mm Petri
dish containing the electronic device. After adding 5 mL of fresh medium, the Petri
dish was placed in an incubator at 37°C and 5% CO, (Forma 3131, Thermo Scienti-
fic). The cell viability of the HUVECs and the cytotoxicity of the device were identified
on days 1, 4, and 7 by staining the cells with two fluorescence dyes: calcein AM and
propidium iodide from Aladdin Industrial (Shanghai, China). In the experiments, the
working concentrations of calcein AM and propidium iodide were 2 uM and
10 ng/mL, respectively. Cells were incubated at 37°C for ~30 min after the two
dyes were added and imaged in an inverted fluorescence microscope (Olympus IX
53). The green-stained cells were living while the red-stained cells were dead. Cell
viability (%) was expressed by the ratio of the number of living cells to the total num-
ber of cells, quantified using ImageJ software. The experiments were repeated at
least three times.

Supplemental information

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2020.12.002.
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